This work presents the performances of a new odour scrubber. The reactor is packed with a new structure which enables co-current operations at high gas velocities. Energy consumption and removal efficiency of sulphur compounds by oxidative alkaline scrubbing were studied. The influence of both superficial gas (U SG ) and liquid (U SL ) velocities, ranging from 5.6 to 28 m.s 21 and 0.016 to 0.055 m.s 21 respectively, were quantified. Thus, the range of 0.5 to 5 liquid-to-gas mass ratio (L/G) was studied. A comparison has been made with a previous study on static mixers (SM) and with classical random packed towers (PT). It has been shown that superficial liquid and gas velocities have a significant influence on these parameters. Hydrogen sulphide (H 2 S) abatement reached values up to 99%. As concerns methylmercaptan (CH 3 SH), the maximal removal efficiency was 87%. As a result, if well scaled-up, our reactor can be a small single stage efficient apparatus for the elimination of low concentrations of sulphur compounds as H 2 S and CH 3 SH in high flow rates of polluted gas effluents.
Introduction
Public concern over odours from wastewater treatment plants (WWTPs) is increasing. More people are being exposed to odours, due to development around existing works or in construction of works. Typically, the species identified as responsible for odours in WWTPs are reduced to sulphur, nitrogen, fatty organic acids, aldehydes or ketone compounds. H 2 S is the predominant odorous molecule associated with sewage (Bonnin, 1991; Gostelow et al., 2001) and its formation in sewers has been extensively studied (Matos and Sousa, 1992; Halkjaer-Nielsen et al., 1998) . Odour control at WWTPs is most of the time realised by chemical scrubbing (Bonnin, 1991; Chen et al., 2001) . This process is performed in a two or three stage scrubber in order to remove successively nitrogenous (with an acid solution) and sulphur compounds (with alkaline hypochlorite sodium solutions). This approach has been showing good results for many years (Bonnin, 1991; Basu et al., 1998; Hentz and Balchunas, 2000; Chen et al., 2001) , but has also revealed high investment and working costs. Indeed, the long residence time necessary for a good functioning of the process and the hydrodynamic behaviour inside a packed column imply the construction of high and wide towers. Moreover, the reactive consumption has to be improved, mainly by reducing CO 2 absorption during the process and optimising the column design.
Nowadays, odour abatement and control has become a major issue for water industries as the permanent demand is continually imposing the need to provide better and better performances in smaller and smaller cost effective units. Many works have focused their attention on improving the packing inside the columns, aiming at increasing mass transfer capacities, and decreasing pressure drops. In the last decades, structured packed towers (PT) (Dang et al., 1998; Fair et al., 2000; Ballaguet et al., 2003) and static mixers (SM) (Cybulski and Werner, 1986; Streiff and Rogers, 1994; Billet, 1995; Cavatorta et al., 1999) have gained increased attention because of their properties: high bed void fraction resulting in low pressure drops with excellent gas-liquid contact and distribution (Brunazzi et al., 2001) . Most of the studies found in the literature focus on counter-current flow applications. But, when absorbed species react in the liquid phase according to a fast irreversible chemical reaction, the co-current flow configuration avoids flooding, allowing high flexibility (Le Strat et al., 2001 ) and a gain of space. In 1980, the Sülzer company designed a co-current flow chemical scrubber made of SM. Its efficiency on H 2 S removal with an alkaline washing solution was demonstrated and could be attributed to the high exchange area existing between the gas and the liquid phases. This exchange is all the more important because the droplets generated are small and the difference existing between the gas and liquid velocities is high (Roustan, 2003) . Nevertheless, pressure drop created by such devices was too high. Indeed, the major drawback in the use of structured packings is their excessive price per volume unit, which drives to high functioning costs. Therefore, in order to make the process competitive, an accurate design of columns equipped with structured packings is important. Consequently, the objective of this study was to take advantage of both random PT and structured packings by developing a compact apparatus, able to generate high interfacial areas and good mass transfer coefficients (high efficiency) without driving to a high energy consumption. In order to conclude on the best operating conditions and design parameters for scale-up, pressure drop and efficiency of our reactor on sulphur compounds removal is studied in a laboratory-scale pilot unit.
Material and methods
A schematic diagram of the experimental set-up is shown in Figure 1 . The reactor consists of a transparent PVC pipe of 0.32 m length and 0.025 m inner diameter, through which flow patterns as well as the type of dispersion can be observed. Its geometric characteristics are given in Table 1 . The overall geometric interfacial area, takes the surface offered by the packing itself and by the column wall (which cannot be neglected in a small diameter column) into account.
The gas used in these experiments is over-pressured air, injected upstream of the reactor. The volumic gas flow rate Q G , controlled with a rotameter, ranges from 10 to 50 m 3 .h 21 (superficial gas velocity U SG from 5.6 to 28 m.s 21 ). H 2 S or a mix of H 2 S and CH 3 SH from a 1000 ppmv bottle are diluted and injected into the upstream air flow to obtain an inlet gaseous concentration of about 8 ppmv for H 2 S and 2 ppmv for CH 3 SH. The washing solution is injected into the reactor using a centrifugal pump at the inlet of the pipe; with liquid flow rate Q L ranging between 0.0275 and 0.0975 m 3 .h 21 (superficial liquid velocity U SL between 0.016 and 0. 055 m.s 21 ). Temperature is kept constant and equals 20 8C. The fluids circulate in co-current flow inside the pipe. Some liquid and gas samples are picked up (outlet for the liquid phase, inlet and outlet for the gas phase) to be analysed. Pressure drop DP within the reactor is measured with manometers. H 2 S and CH 3 SH concentrations in the gas phase are measured by GPC coupled with a specific electrochemical detector based on a chromic acid solution (MEDOR).
Working conditions are as follows: column, 0.75 m length and 0.002 m diameter packed with Celite 22; carrier gas, N 2 , 2 mL.min 21 ; injection and detection temperature, 20 8C; injection volume, 1 mL. In these conditions, the detection limits are 0.05 mg.m 23 for H 2 S and 0.03 mg.m 23 for CH 3 SH. Chlorine consumed in the liquid phase is quantified from the measurement of free chlorine (AFNOR Norm T90-037-2, March 2000). As concerns the pH and the gas temperature, continuous measurements were done with specific probes.
Results and discussion

Theoretical aspects
Absorption experiments in the reactor have been realised to characterise H 2 S and H 2 S/CH 3 SH abatements by a 0.5 g Cl 2 .L 21 sodium hypochlorite aqueous solution at pH 11. The absorption/oxidation reactions associated are described by the following reactions:
At the gas-liquid interface:
In the liquid phase:
According to equations (1) and (2), absorption appears limited by the pollutant solubility in the liquid phase (Henry's constants for H 2 S and CH 3 SH are respectively equal to 9.83 and 3.69 Atm.L.mol 21 at 293K). However, acido-basic and oxidising reactions (3) to (7) occurring in the liquid phase favour the mass transfer by displacing the equilibrium (1) and (2) towards non-volatile species. In fact, the reactions (3) to (5) directly increase the mass transfer by promoting the dissociation of H 2 S into HS 2 and S 22 and CH 3 SH into CH 3 S 2 , resulting in the increase of the pollutant apparent solubility and in the acceleration of the mass transfer between the gas and the liquid phases. Then, in the reactions (6) and (7), pollutants are oxidised into SO 4 22 and CH 3 SO 3 H. These mechanisms reduce the H 2 S and CH 3 SH accumulation in the liquid phase, thus improving their removal.
Energy consumption
Pressure drop DP allows the quantification of the dissipated power, thus it has to be lowered for the process to be economically competitive. This parameter depends on superficial liquid and gas velocities, fluid nature (Zhu et al., 1992) and internal geometry.
In the reactor, the internal geometry has been designed to satisfy both good mass transfer and low energy consumption. Figure 2 shows the pressure drop per reactor length unit DP/L generated by our reactor. The results show that the pressure drop DP/L in our reactor is three times lower than the one of Lightnin and Statiflo SM (Couvert et al., 2006) . Moreover, the values obtained are far lower than those generated by SMV 4 Sülzer SM, which can reach values up to 50,000 Pa.m 21 for the same range of gas and liquid velocities (Péculier, 1996) .
Effect of hydrodynamic operating conditions. H 2 S removal efficiency versus superficial gas velocity is plotted in Figure 3 . It can be observed that higher superficial fluid velocities enhance H 2 S removal. This has to be related to the hydrodynamic behaviour of the reactor. For low gas velocities, the dispersion in the reactor is low, which does not allow the generation of high gas-liquid exchange areas. A minimum operating gas velocity (up to 15 m.s 21 ) seems to be necessary to reach the dispersed flow and then, for optimal mass transfer conditions. Moreover, it is obvious that the increase of the L/G ratio improves the pollutant removal as the scrubbing efficiency is sensitive to the NaOH concentration in the washing solution (Chen et al., 2001) .
Reactive consumption. NaOH consumption reaches 2 moles of NaOH per mole of H 2 S which is in accordance with the reaction stoichiometry. NaOCl consumption is ranging from 2.5 to 3 moles NaOCl per mole of H 2 S, which is lower than the value expected. This is probably due to the very short residence time in our reactor that does not allow the total oxidation of sulphur compounds in sulphates. Partially oxidised species may be present in the liquid phase.
Influence of CO 2 presence and concentration on the NaOH consumption. In traditional random PT, CO 2 is one of the major causes of an over consumption of the caustic solution. Consequently, some experiments were carried out in order to quantify the CO 2 reaction with sodium hydroxide present in the washing solution during our trials. The results demonstrate that CO 2 (356 ppm at the inlet) was not absorbed in our operating conditions which is in accordance with the very short residence times in the reactor.
H 2 S and CH 3 SH removal
Sulphur removal versus superficial gas velocity is plotted in Figure 4 . As for H 2 S; the increase of gas and liquid velocities improves sulphur removal. Figure 4 shows that, for a given superficial gas velocity, H 2 S and CH 3 SH removal efficiencies are very different: while the H 2 S abatement exceeds 99%, only 87% of the CH 3 SH is removed in the best operating conditions. These results can be partially explained because the diffusion step can be a limitation for CH 3 SH mass transfer.
Effect of the pH of the washing solution. pKa H2S are equal to 7 and 12 whereas pKa CH3SH is equal to 9.7. According to these values, the pH of the scrubbing solution has to reach a value of 9 to allow more than 90% of the H 2 S dissociation but a value of 11 to obtain 90% of CH 3 SH removal. As a result, H 2 S is easier to remove than CH 3 SH by alkaline scrubbing, even at pH 11. As can be seen in Figure 5 , when the superficial gas velocity increases, the pH of the washing solution decreases significantly along the reactor to reach values lower than 10. These results can explain the difficulty for CH 3 SH to be removed at high gas velocities. As stated by (Hentz and Balchunas, 2000) , the pH is not basic enough to dissociate CH 3 SH to ionised species. As a consequence, in this specific case, mass transfer, is not accelerated, and CH 3 SH absorption is a plain physical operation.
NaOCl consumption. According to equations (5) to (7), the theoretical oxidant consumption is 4 moles of Cl 2 per mole of H 2 S and 6 moles of Cl 2 per mole of CH 3 SH, which implies a maximal consumption of 4,4 moles of Cl 2 per mole of absorbed sulphurous compounds. Under our operating conditions, oxidant consumption is lower than theoretical expectations. Values are in a range of 2.5 to 3.5 mol of Cl 2 per mol of sulphur compound transferred. One assumption that can be formulated is that CH 3 SH is absorbed into the liquid phase, but not entirely converted. CH 3 SH may build up in the bulk until equilibrium between the gas and the liquid phase is reached, so that further removal of the odorous compound is stopped, in accordance with Henry's law (Bonnin, 1991) . Also, chlorine does not react instantaneously with ionised sulphur species, and this reaction time has a significant effect on removal efficiency (Hentz and Balchunas, 2000) . These results clearly show the need to understand the chemical reactions and kinetics occurring in the reactor. Future work will focus on the qualification and quantification of the intermediate oxidation species in the reactor.
Comparison with conventional sodium hypochlorite processes Table 2 compares efficiencies in our reactor and a classical PT (Bonnin, 1991) using the same scrubbing solution conditions ([NaOCl] ¼ 0.5 g.L 21 , pH ¼ 11), and the same ratio L/G (2.3). Note that the contact time in our reactor is more than one hundred times lower than in the PT, as the operating gas velocity is more than ten times higher. Moreover, the volume of our reactor is about three thousands times smaller than in the PT. H 2 S removal in our reactor is as good as in PT. It seems obvious that a better design, for example increasing the residence time (increasing the length of the reactor), increasing the pH and/or increasing the chlorination rate (since chlorine concentration is one of the key parameter to maintaining high removal efficiency by reducing pH influence), should improve its efficiency as concerns CH 3 SH. Moreover, the optimum L/G ratio in PT is around 2.3; this value is much lower in our reactor as we can obtain good efficiencies for lower L/G ratios. This implies an important reactive economy (water, NaOH, NaOCl) for the same treated gas flow rate. Finally, one of the main advantages of our reactor, if compared with traditional PT units, is its suitability for limited spaces that makes it highly flexible. As a consequence, it is possible to install small units at each odour source emplacement (inlet works, primary sedimentation tanks, sludge processing, etc.). The consequence is an important reduction of the ventilation ductwork necessary to transport the gaseous effluents to a central treatment unit, and then an important gain in terms of equipment cost. Otherwise, the energy consumption of the gas treatment operation representing about 20% of a WWTP overall exploitation cost, the gain in terms of functioning expense can be reduced. Finally, as the treatment can be adapted to each odour source, the optimisation of the washing solution can be achieved, resulting in the minimisation of reactive consumption.
Conclusion
As regards the energetic consumption, it has been shown that our reactor is much more economic than Lightnin or Sülzer SM. Moreover, our reactor, thanks to its wide range of gas and liquid flow operating conditions (without flooding problems) and its much smaller dimensions, appears to be of great interest compared with traditional PT. The results, in terms of sulphur compound removal efficiencies, are encouraging, even if the system can be optimised (in terms of residence time, L/G ratios, chemical concentrations, fluid velocities, etc.). Experiments must be conducted in order to qualify and quantify the chemistry occurring in the reactor, particularly as concerns CH 3 SH.
